Introduction
============

Antisense therapy has grown as a powerful strategy for the treatment of genetic disorders and infections. Antisense oligonucleotide-mediated exon-skipping has been demonstrated as a promising therapy to treat Duchenne muscular dystrophy by skipping specific dystrophin gene exon(s) to restore the reading frame of the mutation-containing transcripts.[@b1-ijn-10-5635]--[@b12-ijn-10-5635] Antisense oligonucleotides are short, typically 15--30 base pairs of single-stranded sequences of synthetic nucleic acids, or chemically modified analogs, which have the ability to hybridize to specific targets by the base-pairing rules. Of the synthetic oligonucleotide chemistries, phosphorodiamidate morpholino oligomer (PMO) is most widely used for exon-skipping in the dystrophin gene currently being applied in clinical trials.[@b11-ijn-10-5635]--[@b15-ijn-10-5635] PMO, as a synthetic mimic of nucleic acid, has deoxyribose rings replaced with morpholino rings and linked through phosphorodiamidate inter-subunits, making it neutral under physiological conditions. It has exhibited excellent stability, and lower toxicity compared with its counterparts, such as 2′-*O*-methyl-phosphorothioate RNA and peptide nucleic acid.[@b16-ijn-10-5635],[@b17-ijn-10-5635] However, the relatively charge-neutral nature of PMO is associated with poor cellular uptake and rapid clearance from the bloodstream, which constitutes a major obstacle for effective delivery when treating neurogenetic disorders. Studies in a number of animal models have demonstrated that a significant therapeutic effect can be achieved with high doses of PMOs, which could be cost-inhibitive and have an increased risk of toxicity, especially for long-term systemic administration.[@b5-ijn-10-5635] To improve delivery efficiency, PMOs chemically modified with cell-penetrating peptides or dendrimeric octaguanidines have been devised, and are reported to show significant improvement in targeting dystrophin exons, leading to near normal levels of dystrophin expression in body-wide muscles by systemic delivery.[@b3-ijn-10-5635],[@b4-ijn-10-5635],[@b6-ijn-10-5635],[@b9-ijn-10-5635],[@b10-ijn-10-5635] However, the cationic modification is associated with higher toxicity, with LD~50~ near 100 mg/kg, making it unsuitable for use in clinical applications.[@b3-ijn-10-5635],[@b6-ijn-10-5635] Furthermore, the complicated synthesis and purification in modification increases the costs significantly, and potential immune responses to the targeting peptide could prevent repeated administration. The non-virus-mediated delivery strategy remains attractive because of the vector's structural flexibility chosen from synthetic or natural compounds, capacity for delivery of larger therapeutic agents, ease of handling, greater safety, and less expense than viral vectors,[@b18-ijn-10-5635]--[@b20-ijn-10-5635] especially for those commercial available compounds that have been widely applied in the field of environmental biology and biotechnology.

Polyelectrolytes (PEs) are polymers with ionizable groups that dissociate, leaving ions on the polymer chain and counter ions in polar solution. PEs have been investigated for numerous biochemical and medical applications.[@b21-ijn-10-5635],[@b22-ijn-10-5635] The permanent cationic characteristics, such as valence, charge density, and structure, would be expected to have an important impact on the compaction of oligonucleotides and subsequent transfection. In this study, we investigated several commonly used PEs as carriers for delivery of antisense PMO in vitro and in vivo. These include cationic PEs, poly(diallyldimethylammonium chloride) (PDDAC), which is widely used as a flocculant agent and biosensor composite;[@b23-ijn-10-5635]--[@b25-ijn-10-5635] poly(acrylamide-*co*-diallyldimethylammonium chloride) (PADAC), and poly\[bis(2-chloroethyl)ether-alt-1,3- bis\[3-(dimethylamino)propyl\]urea\] quaternized (PBEBP), which are used in waste treatment for laundry, emulsion breaking, sludge dewatering and drainage; and protamine sulfate containing cell-penetrate peptide, which has been studied in gene therapy for increasing transduction by both viral and non-viral mediated delivery mechanisms.[@b26-ijn-10-5635],[@b27-ijn-10-5635]

Materials and methods
=====================

Materials
---------

Dulbecco's Modified Eagle's Medium (DMEM), penicillin-streptomycin, fetal bovine serum, L-glutamine, and HEPES \[4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid\] buffer solution (1 M) were purchased from Gibco, Invitrogen Corp (Carlsbad, CA, USA). Phosphorodiamidate morpholino oligomer PMOE50 (5′-AACTTCCTCTTTAACAGAAAAGCATAC-3′), PMOE23 (5′-GGCCAAACCTCGGCTTACCTGAAAT-3′), and Endoporter were purchased from Gene-Tools (Philomath, OR, USA). PEs, protamine, and all other chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA), unless otherwise stated.

Cell viability assay
--------------------

Cytotoxicity was evaluated in a C2C12E50 cell line using the MTS \[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium\]-based assay. Cells were seeded in a 96-well tissue culture plate at 1×10^4^ cell per well in 200 µL of 10% fetal bovine serum-DMEM. Cells achieving 70%--80% confluence were exposed to polymer at different doses for 24 hours followed by addition of 20 µL of Cell Titer 96^®^ Aqueous One Solution (Promega Corporation, Madison, WI, USA). After further incubation for 4 hours, the absorbance was measured at 490 nm using a Tecan Infinite 500 plate reader (Tecan Systems Inc, San Jose, CA, USA) to obtain the metabolic activity of the cell. Untreated cells were taken as controls with 100% viability and wells without cells as blanks. The relative cell viability was calculated by: $$\left( {A_{\text{treated}} - A_{\text{background}}} \right) \times 100/\left( {A_{\text{control}} - A_{\text{background}}} \right)$$

All viability assays were carried out in triplicate.

In vitro transfection
---------------------

C2C12E50 and C2C12E23 myoblast cell lines expressing green fluorescent protein (GFP) were used for in vitro experimentation. Expression of GFP was controlled by effective skipping of the inserted human dystrophin exon 50 sequence (hDysE50) or mouse dystrophin exon 23 sequence (mDysE23).[@b18-ijn-10-5635] The C2C12E50 cell line was maintained in 10% fetal bovine serum-DMEM in a humidified 10% CO~2~ incubator at 37°C. Approximately 5×10^4^ C2C12E50 cells per well in 500 µL of 10% fetal bovine serum-DMEM medium were seeded and allowed to grow until confluence of 70%. The cell culture medium was replaced before addition of a polymer/PMOE50 (fixed at 5 µg) formulation with varying ratios. Polyethylenimine (PEI) 25,000 and Endoporter were used as a comparison. Transfection efficiencies indicated by GFP production were recorded after 48 hours of incubation with an Olympus IX71 fluorescent microscope (Olympus America Inc, Melville, NY, USA) and digital images taken with the DP Controller and DP Manager software (Olympus America Inc). Transfection efficiency was also examined quantitatively using flow cytometry. Cells were washed twice with phosphate-buffered saline (PBS; 1×, pH 7.4). After removal of PBS, 0.2 mL of 0.05% trypsin-ethylenediaminetetraacetic acid was added, and the cells were incubated for 3 minutes at 37°C. Next, 1 mL of the growth medium was added, and cells were collected by centrifugation and resuspended in 0.5 mL of ice-cold PBS (1×, pH 7.4). Samples were run on a FACS Calibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). At least 1×10^4^ cells were counted and analyzed with CellQuest Pro software package (BD Biosciences).

RT-PCR analysis for cell culture
--------------------------------

Collected cells were initially washed twice with PBS, and RNA was extracted with TRIzol reagent (Invitrogen Corp) according to the manufacturer's instructions. RNA was stored at −80°C for later use. Reverse transcription-polymerase chain reaction (RT-PCR) was performed using RT-PCR Master Mix (2X) (USB Corp, Cleveland, OH, USA) to amplify the sequence of interest. Next, 100 ng of template RNA was used for each 25 µL RT-PCR reaction. The primer sequences for the RT-PCR were eGFP5′, 5′-CAGAATTCTGCCAATTGCTGAG-3′ and eGFP3′, 5′-TTCTTCAGCTTGTGTCATCC-3′. The cycle conditions for reverse transcription were 43°C for 15 minutes and 94°C for 2 minutes. The reaction was then cycled 30 times at 94°C for 30 seconds, 65°C for 30 seconds, and 68°C for 1 minute. The products were examined by electrophoresis on 1.5% agarose gel.

Cellular uptake and intracellular localization
----------------------------------------------

To study cellular uptake and intracellular localization, fluorescein-labeled PMO (GeneTools) was combined with polymers at predetermined ratios, followed by imaging under confocal microscopy. C2C12 cells were seeded onto eight-well glass Nunc Lab-Tek II chamber slides (Thermo Scientific, Waltham, MA, USA) at 5×10^3^ cells/well, and cultured to 70% confluence before addition of polymer/PMO formulation for testing. Approximately 24 hours after addition of the samples, the cells were washed with warm PBS (1×, pH 7.4) to remove any residual polymer/PMO polyplex from cells and incubated with medium. Cells were also counterstained with Hoechst 33258 (Life Technologies, Grand Island, NY, USA) to label cellular nuclei. Cellular uptake was examined on a Zeiss LSM-710 inverted confocal microscope (Carl Zeiss Microscopy LLC, Thornwood, NY, USA), and the resulting images were analyzed for uptake and localization by single-channel images. Co-localization of polymer/PMO to the lysosome was visualized by merged channel images to assess the signal intensities of the labeled PMO and lysosomes relative to counterstained nuclei.

Transmission electron microscopy
--------------------------------

The polymer/PMO polyplex solution containing 5 µg of PMO was prepared at a weight ratio of 5/5 (PE/PMO) in 200 µL of medium and analyzed using a Philips CM-10 transmission electron microscope (Philips Electronic North America Corp, Andover, MA, USA). The corresponding polymer and PMO only were used as comparison. The samples were prepared using negative staining with 1% phosphotungstic acid. Briefly, one drop of sample solution was placed on a formvar and carbon-coated carbon grid (Electron Microscopy Sciences, Hatfield, PA, USA) for 1 hour, and blotted dry, followed by staining for 3 minutes. Samples were analyzed at 60 kV. Digital images were captured with a digital camera system from 4 pi Analysis (Durham, NC, USA).

In vivo delivery and RT-PCR
---------------------------

This study was carried out in strict accordance with the recommendations in the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The protocols were approved by the Institutional Animal Care and Use Committee, Carolinas Medical Center (breeding protocol 10-13-07A; experimental protocol 10-13-08A). All injections were performed under isoflurane anesthesia, and all efforts were made to minimize suffering.[@b3-ijn-10-5635],[@b5-ijn-10-5635],[@b6-ijn-10-5635],[@b18-ijn-10-5635]

### Animals and intramuscular injections

Dystrophic *mdx* mice aged 4--5 weeks were used for in vivo testing (five mice each in the test and control groups) unless otherwise stated. The PMOE23 (5′-GGCCAAACCTCGGCTTACCTGAAAT-3′) targeting the boundary sequences of exon and intron 23 of the mouse dystrophin gene (GeneTools) was used. For intramuscular injections, 2 µg of PMOE23 with or without polymer was used in 40 µL of saline for each tibialis anterior muscle. The muscles were examined 2 weeks later, then snap-frozen in liquid nitrogen-cooled isopentane and stored at −80°C.

### RT-PCR

Total RNA was extracted from the muscle after dissection, and 100 ng of RNA template was used for a 50 µL RT-PCR with the RT-PCR Master Mix (2X) system (USB Corp, Cleveland, Ohio, USA). The primer sequences for the RT-PCR were Ex20Fo 5′-CAGAATTCTGCCAATTGCTGAG-3′ and Ex26Ro 5′-TTCTTCAGCTTGTGTCATCC-3′ for amplification of mRNA from exons 20 to 26. The conditions were 43°C for 15 minutes, 94°C for 2 minutes, then cycling 30 times at 94°C for 30 seconds, 56°C for 30 seconds, and 68°C for 1 minute. The products were examined by electrophoresis on 2% agarose gel. Bands with the expected size for the transcript with exon 23 deleted were extracted and sequenced. The intensity of the bands of the PCR-amplified products obtained from the treated *mdx* mouse muscles was measured using National Institutes of Health ImageJ software 1.42 and the percentage of exon-skipping was calculated with the intensity of the two bands representing both unskipped and skipped exons as 100%.

### Antibodies, immunohistochemistry, and Western blots

Sections of 6 µm were cut from the muscles and stained with rabbit polyclonal antibody P7 for the dystrophin protein and detected by goat anti-rabbit immunoglobulins Alexa 594 (Invitrogen Corp). The maximum number of dystrophin-positive fibers in one section was counted using a BX51 fluorescent microscope (Olympus America Inc). Digital images were taken with the Olympus DP Controller and DP Manager software (Olympus America Inc) and the muscle fibers were defined as dystrophin-positive when more than two-thirds of the membrane of a single fiber showed continuous staining. Protein extraction and Western blot were performed as described previously.[@b3-ijn-10-5635],[@b10-ijn-10-5635],[@b18-ijn-10-5635] Briefly, the membrane was probed with NCL-DYS1 monoclonal antibody against dystrophin rod domain (1:200 dilution, Vector Laboratories, Burlingame, CA, USA) followed by horseradish peroxidase-conjugated goat anti-mouse immunoglobulin (1:3,000 dilution, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and the ECL™ Western blotting analysis system (Perkin-Elmer, Waltham, MA, USA). The intensity of the bands with appropriate size was measured and compared with that from normal muscles of C57BL mice using ImageJ software. Loading control of α-actin was detected by rabbit anti-actin antibody (Sigma Aldrich).

Statistical analysis
--------------------

The data were analyzed for statistical significance using both one-way analysis of variance and the Student's *t*-test, with a value of *P*≤0.05 being considered statistically significant. All data are reported as the mean ± standard deviation.

Results and discussion
======================

The PEs applied in this study are commercially available and have been widely applied in the field of environment and biotechnology. Their structures and code names were shown in [Figure 1](#f1-ijn-10-5635){ref-type="fig"}.

PMO delivery in C2C12 myoblast cell lines expressing GFP/hDysE50
----------------------------------------------------------------

The C2C12E50 cell line was used to evaluate the efficacy of PEs for the delivery of PMO.[@b18-ijn-10-5635],[@b28-ijn-10-5635] This cell line expresses a GFP reporter, but its expression is disrupted by the insertion of the hDysE50. The expression of GFP in the reporter cells relies on the targeted removal of exon 50 by antisense oligonucleotides. First, we examined the cytotoxicity of the PEs using an MTS-based assay as shown in [Figure 2](#f2-ijn-10-5635){ref-type="fig"}. The toxicity of the PDDAC series including PE-1, PE-2, PE-3, and PE-4 was clearly size-dependent, being higher with increasing molecular weight of PDDAC. PE-5 (PADAC) and PE-6 (PBEBP) are structurally different from PDDAC. PE-5 contains insertion of around 55% polyacrylamide in composition; while PE-6 has a dispersed charged distribution due to the propyl urea spacer as compared with the PDDAC series. Protamine sulfate (PE-7) is a biocompatible and arginine-rich cell-penetrating polypeptide composed of only 50--110 amino acids, thus has a lower molecular weight and less toxicity than the PDDAC series.[@b29-ijn-10-5635]--[@b31-ijn-10-5635]

However, all PEs showed much lower cytotoxicity against PEI 25,000 at the same dose used. Viability dropped to less than 25%, 38%, and 62% for the cells treated with PEI 25,000 at a concentration of 20, 10, and 4 µg/mL, respectively. In contrast, all PEs except PE-4 at a dose of 20 µg/mL showed cell viability over 75%. PE-4 had the highest toxicity; however, over 67% of cells remained alive after treatment at a dose of 20 µg/mL. The relatively higher toxicity of PE-4 is probably related to its higher molecular weight and higher positive charges when compared with other PEs.

We next examined the effect of the PE polymers on exon-skipping of PMO. The PMO sequence, PMOE50 (5′-AACTTCCTCTTTAACAGAAAAGCATAC-3′) with previously confirmed efficacy for targeted removal of human dystrophin exon 50 was used.[@b18-ijn-10-5635]--[@b20-ijn-10-5635] C2C12E50 GFP reporter cells were treated with a fixed amount (5 µg) of PMOE50 in 500 µL of 10% fetal bovine serum-DMEM medium formulated with each polymer at four different doses (1, 2, 5, and 10 µg). Transfection efficiency was examined by fluorescence microscopy. The results showed that almost all PE polymers, even at 1 µg, improved GFP expression compared with the PMOE50 alone. The highest levels of GFP expression were achieved at a dose of 2--5 µg with most PEs, especially with the PDDAC series, reaching up to 90% with PE-2/3/4 at the dose of 2 µg and comparable to or higher than Endoporter-mediated delivery (5 µg, effective dose in vitro, commercial reagent produced by GeneTools). A dose-dependent GFP expression is also illustrated by PE-3 at the doses of 1, 2, 5 µg ([Figure 3](#f3-ijn-10-5635){ref-type="fig"}). In contrast, less than 5% of the cells were GFP-positive when treated with PMOE50 alone. The exon-skipping efficiency remained higher at the 10 µg dose of PEs, but some toxicity was observed with PE-3/4. The transfection efficiency and cell viability of the PE/PMO formulation at the PE doses (1, 2, 5 µg) mixed with PMO (5 µg) in 500 µL of medium were also quantified by flow cytometry with Endoporter (5 µg) and PEI 25,000 (2 µg) as controls ([Figures 3](#f3-ijn-10-5635){ref-type="fig"} and [4](#f4-ijn-10-5635){ref-type="fig"}). GFP expression resulting from PDDAC-mediated PMO delivery was noted to be up to 20-fold higher when compared with PMO alone. The PDDAC series (PE-1/2/3/4) has more positive charges compared with PE-5 or PE-6 at the same weight dose. PE-5 has around 55% polyacrylamide in the main chain compared with the PDDAC series, thus certainly contains a reduced surface charge when forming a PE/PMO polyplex; PE-6 has a dispersed charged distribution as compared with the PDDAC series. The low transfection efficiency with protamine sulfate is likely due to a much lower molecular size, thus limited charge groups within the polyplex.

In order to assess the delivery potential of the PEs for PMO exon-skipping in muscle fibers, rather than in myoblasts, the PEs were also tested in the mouse dystrophin exon 23 reporter C2C12 myoblast cell (C2C12E23). GFP reporter expression is driven by a muscle creatine kinase promoter, therefore allowed us to test the potential for PMO delivery in differentiating or differentiated myotubes.[@b18-ijn-10-5635] Cells reaching around 70% confluence were incubated in the differentiation medium for 2 days and then treated with PE-formulated PMOE23. The results showed a similar trend as that obtained in C2C12E50 cells, with PE-2, PE-3, and PE-4 achieving higher GFP expression than other PEs, as illustrated in [Figure 5](#f5-ijn-10-5635){ref-type="fig"} by fluorescence images and RT-PCR detection of exon 23 skipping. The levels of exon 23 skipping were 56.4%, 64.1%, 59.0%, 32.6%, 24.7%, 38.5%, 1.8%, 23.7%, and 10.1% for PE-1, PE-2, PE-3, PE-4, PE-5, PE-6, PE-7, Endoporter-formulated PMO, and PMO only, respectively. The results indicate the importance of molecular size, chemical structure, and positive charge distribution in the vector microstructure for both delivery efficiency and toxicity.

To examine whether PEs improve the cell uptake of PMO, we examined the intracellular localization of the PE/PMO polyplex. PE was complexed with 3′-carboxyfluorescein-labeled PMO at a weight ratio of 5/2. The presence of PE appeared to affect the pathway of PMO uptake, as demonstrated by confocal microscopy analysis. PMO alone distributed evenly within the cytoplasm of the cells, in agreement with a reported passive diffusion model.[@b16-ijn-10-5635] Signals for PMO were considerably stronger in cells treated with PE-4 and visualized as punctuates within the cytosol and especially around the nucleus ([Figure 6](#f6-ijn-10-5635){ref-type="fig"}). These results suggest that the presence of PEs alters the route of PMO internalization, probably eliciting endocytosis through formation of a complex.

Interaction between PE and PMO
------------------------------

The affinity between a polymer and an oligonucleotide is an important parameter for their efficient delivery into cells. Here, we chose the most effective PE-4 from the PDDAC series and PE-5 for PE/PMO polyplex examination under transmission electron microscopy. As shown in [Figure 7](#f7-ijn-10-5635){ref-type="fig"}, the PE-4 polymer alone formed particles of different sizes, likely because of aggregation, whereas the PMO oligonucleotides alone formed particles with a size below 50 nm, likely resulting from hydrophobic interactions and hydrogen-bond among the PMO molecules. At a weight ratio of 5/5, the PE-4/PMO polyplex formed spherical particles with an average diameter around 20--40 nm. The PE-5/PMO polyplex formed larger particles than did the PE-4/PMO polyplex. This is probably the result of aggregation related to the uncharged hydrophobic polyacrylamide fragments within PE-5. The mechanisms of interaction between PMO and the PE molecules are not clear, but the chemical nature of PMO likely creates a hydrophobic interaction with the PEs, and a possible hydrogen-bond interaction between them. The positively charged groups within the PEs are unlikely to play a key role in the interaction with PMO; nonetheless, the surface charges of the polyplex may stabilize it in a biological environment for a longer period than PMO alone.

Delivery of PMO with PEs in vivo
--------------------------------

We next evaluated the effect of the PE polymers on PMO delivery in vivo by intramuscular injection. PMOE23 targeting mouse dystrophin exon 23 was injected into each tibialis anterior muscle of *mdx* mice aged 4--5 weeks. The mouse contains a nonsense mutation in exon 23, preventing production of the functional dystrophin protein. Targeted removal of the mutated exon 23 is able to restore the reading frame of dystrophin transcripts, and thus the expression of the dystrophin protein. Based on the delivery performance of PEs in vitro, we chose 2 µg as an effective and safe dose, premixed with 2 µg of PMOE23 in 40 µL of saline. The treated tibialis anterior muscles were harvested 2 weeks later.

Immunohistochemistry showed that the PMOE23 alone induced up to 12% maximum dystrophin-positive fibers in one cross-section of the tibialis anterior muscle. The number of dystrophin-positive fibers increased dramatically in the muscles treated with PMOE23 mediated by PEs. The PDDAC series enhanced PMO-mediated exon-skipping with increasing molecular size. PE-3 and PE-4 achieved over 40% and 50% positive fibers respectively, ie, over fourfold as compared with PMO alone at the tested dose. Meanwhile, PE-5, PE-6, and PE-7 did not dramatically change the number of dystrophin-positive fibers ([Figure 8](#f8-ijn-10-5635){ref-type="fig"}). These results correlate well with the data in muscle cell lines in vitro, suggesting that the smaller PE molecule was less able to form an optimal complex with PMO, resulting in low transfection efficiency.[@b32-ijn-10-5635],[@b33-ijn-10-5635] PE-3 or PE-4 with higher transfection efficiency is probably due to larger molecular size, thus creating higher affinity binding sites with PMO. The positively charged PE-PMO complex is likely to be more stable in biological systems as the complex is expected to interact with various cells and biomacromolecules in the tissue and circulation, maintaining a longer circulation time.[@b34-ijn-10-5635],[@b35-ijn-10-5635] The levels of exon-skipping and corresponding dystrophin expression were also quantitatively determined by RT-PCR and Western blot, respectively. PMO formulated with PE-1, PE-2, PE-3, PE-4, PE-5, PE-6, PE-7 and PMO only achieved levels of exon-skipping at 4.1%, 30.5%, 22.9%, 25.5%, 0.2%, 20.8%, 0.8%, and 2.7%, respectively. Dystrophin protein expression levels were found to be 3.5%, 23.7%, 6.2%, 51.2%, 9.5%, and 3.7% of normal levels (taking muscles from C57 mouse as 100%) for PMO formulated with PE-1, PE-2, PE-3, PE-4, PE-6 and PMO only, respectively. Both quantitative and qualitative data therefore demonstrated the best performance with the PDDAC series, especially with PE-4. The results indicate the importance of molecular size and composition for the efficacy of delivery of uncharged PMO. However, more effective PEs are associated with higher toxicity, further highlighting the difficulty and complexity of developing non-viral oligonucleotide delivery agents for clinical use.

Conclusion
==========

In summary, the cationic PEs have been evaluated for the first time as vectors for antisense PMO delivery in vitro and in dystrophic *mdx* mice. The results show that the PDDAC series, especially PE-3 and PE-4, improves the delivery efficiency of PMO, that is comparable to Endoporter-mediated PMO delivery in vitro. Significant enhancement of PMO delivery was also demonstrated in vivo, and up to fourfold with PE-4, when compared with PMO alone. No obvious local toxicity was observed at the test dose of PE-4. These data suggest that optimization of the molecular size, components, and density of the positive charge of PEs can achieve enhanced exon-skipping with PMO. PEs are therefore potential vehicles for antisense oligonucleotide delivery to achieve a therapeutic effect in diseases such as Duchenne muscular dystrophy.

The authors would like to thank Drs David M Foureau and Fei Guo for their technical assistance with the flow cytometry and analysis, and Mrs Daisy M Ridings and Ben Wagner from the Electron Microscopy Core Laboratory for the negative staining and transmission electron micrographs. The authors also gratefully acknowledge the financial support provided by the Carolinas Muscular Dystrophy Research Endowment at the Carolinas HealthCare Foundation and Carolinas Medical Center, Charlotte, NC, USA.

**Disclosure**

The authors declare no conflicts of interest in this work.

![Chemical structures, names, and codes for polyelectrolytes.\
**Abbreviation:** MW, molecular weight.](ijn-10-5635Fig1){#f1-ijn-10-5635}

![Viability of C2C12E50 cells after treatment with PEs at three doses (4, 10, 20 µg/mL from left to right for each polymer; PEI 25,000 was used as the comparison) determined by MTS assay. The cells were seeded in 96-well plates at an initial density of 1×10^4^ cells/well in 0.2 mL of growth medium. The results are presented as the mean ± standard deviation (n=3, Student's *t*-test, ^\*^*P*≤0.05 compared with untreated cells).\
**Abbreviations:** PEs, polyelectrolytes; PEI, polyethylenimine; MTS, \[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium\].](ijn-10-5635Fig2){#f2-ijn-10-5635}

![Delivery efficiency and toxicity of PMOE50/PE complexes in a C2C12E50 cell line determined by fluorescence microscopy and fluorescence-activated cell sorting analysis.\
**Notes:** (**A**) Representative fluorescence images of PMO-induced exon-skipping in the C2C12E50 cell line. The images were taken 48 hours after treatment. Original magnification, 100×. (**B**) Transfection efficiency of PMO formulated with PEs (one-way analysis of variance test, ^\#^*P*≤0.05 indicates a significant difference between PE groups; Student's *t*-test, \**P*≤0.05 compared with PMO only). (**C**) Cell viability (one-way analysis of variance test, *P*=0.585, no significant difference between PE groups was found; Student's *t*-test, \**P*≤0.05 compared with untreated cells). In this test, 5 µg of PMOE50 were formulated with PEs (1, 2, 5 µg), and PEI 25,000 (2 µg), and Endoporter (5 µg) was formulated as the control in 0.5 mL of 10% fetal bovine serum-Dulbecco's Modified Eagle's Medium, respectively. The results are presented as the mean ± standard deviation, in triplicate.\
**Abbreviations:** PEs, polyelectrolytes; PEI, polyethylenimine; PMO, phosphorodiamidate morpholino oligomer.](ijn-10-5635Fig3){#f3-ijn-10-5635}

![Flow cytometry diagram. The upper panel shows the flow cytometry dot plots (FSC-SSC) and the lower panel shows the histograms (FL).\
**Abbreviations:** PE, polyelectrolyte; PEI, polyethylenimine; PMO, phosphorodiamidate morpholino oligomer; FSC, forward scatter; SSC, side scatter; FL, flourescence.](ijn-10-5635Fig4){#f4-ijn-10-5635}

![Green fluorescent protein expression induced by PMOE23 (5 µg) formulated with PEs in C2C12E23 cells (PE or Endoporter 5 µg and PMOE23 5 µg in 0.5 mL of 10% fetal bovine serum-Dulbecco's Modified Eagle's Medium after 48 hours treatment). Upper panel shows fluorescence detection of green fluorescent protein expression, original magnification, 100×; Lower panel shows reverse transcription-polymerase chain reaction of exon 23 skipping.\
**Abbreviations:** PE, polyelectrolyte; PMO, phosphorodiamidate morpholino oligomer.](ijn-10-5635Fig5){#f5-ijn-10-5635}

![Confocal microscopic images of C2C12 cells treated with FITC-PMO (2 µg) without and with PE-4 (5 µg). Nuclear staining with Hoechst 33258. The images were obtained under a magnification of 63×. Labeled PMO can be observed at lower levels throughout the treated cells; however, with the addition of PE-4, greater levels of labeled PMO can be observed with greater concentrations in the perinuclear space.\
**Abbreviations:** PE, polyelectrolyte; FITC, fluorescein isothiocyanate; PMO, phosphorodiamidate morpholino oligomer.](ijn-10-5635Fig6){#f6-ijn-10-5635}

![Negatively stained transmission electron micrographs of PE (5 µg) with and without PMO (5 µg) complexes and PMO only (scale bar, 100 nm).\
**Abbreviations:** PE, polyelectrolyte; PMO, phosphorodiamidate morpholino oligomer.](ijn-10-5635Fig7){#f7-ijn-10-5635}

![Restoration of dystrophin in tibialis anterior muscles of *mdx* mice (aged 4--5 weeks) 2 weeks after intramuscular injection.\
**Notes:** (**A**) Dystrophin was detected by immunohistochemistry with rabbit polyclonal antibody P7 against dystrophin. Blue nuclear staining with 4,6-diamidino-2-phenylindole. Muscles treated with PMOE23 (2 µg) only was used as controls. All other samples were from muscles treated with 2 µg polymer and 2 µg PMOE23 in 40 µL saline. Original magnification, 100×. (**B**) The percentage of dystrophin-positive fibers in muscles treated with 2 µg PMOE23 with and without polymers (2 µg). The maximum numbers of dystrophin-positive fibers were counted in a single cross-section (n=5, one-way analysis of variance test, ^\#^*P*≤0.05, there were significant difference between PE groups; Student's *t*-test, \**P*≤0.05 compared with 2 µg PMO). (**C**) Detection of exon 23 skipping by reverse transcription-polymerase chain reaction. Total RNA of 100 ng from each sample was used for amplification of dystrophin mRNA from exon 20 to exon 26. The upper bands (indicated by E22 + E23 + E24) correspond to the normal mRNA, and the lower bands (indicated by E22 + E24) correspond to the mRNA with exon E23 skipped. (**D**) Western blots demonstrate the expression of dystrophin protein. Dystrophin detected with monoclonal antibody Dys 1. A loading control (α-actin) was used.\
**Abbreviations:** Dys, dystrophin; PE, polyelectrolyte; PMO, phosphorodiamidate morpholino oligomer.](ijn-10-5635Fig8){#f8-ijn-10-5635}
